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The task of mapping and explaining the spectrum of baryons and the struc-
ture of these states in terms of quarks and gluons is a longstanding challenge in
hadron physics, which is likely to persist for another decade or more. We review
the progress made in this topic using a functional method based on Dyson-
Schwinger equations. This framework provides a non-perturbative, Poincare´-
covariant continuum formulation of Quantum Chromodynamics which is able
to extract novel insight on baryon properties since the physics at the hadron
level is directly related with the underlying quark-gluon substructure, via con-
volution of Green functions.
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1. Introduction
At high energies, many experiments combined with perturbative calcula-
tions have established that Quantum Chromodynamics (QCD) is a valid
candidate for a theory of the strong interactions1. However, the infrared
dynamics of QCD represents a challenge of notorious complexity: the
most characteristic phenomena such as dynamical generation of quark and
gluon masses, formation of bound states and confinement are purely non-
perturbative.
The most plausible way to study QCD’s non-perturbative regime is
through detailed investigations of hadron’s mass, structure and reaction
properties. In fact, hadron physics is a key part of the international effort in
basic science. The experimental programs performed at B-factories (BaBar,
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Fig. 1. Figures adapted from Ref. 4 and 5, respectively. Left-panel: Data points are
lattice-QCD results for M(p2) from Ref. 6; solid curves are solutions of the quark DSE
(gap equation) for M(p2), obtained using the current-quark mass that best fit lattice-
QCD results; and the (red) lowest solid curve represents the gap equation’s solution
in the chiral limit. Right-panel: The quenched lattice gluon propagator ∆(q2) and an
adapted solution
Belle and CLEO), at τ -charm facilities (CLEO-c, BESIII), at proton–(anti-
)proton colliders (CDF, D0, LHCb, ATLAS, CMS) and at fixed-target ex-
periments (COMPASS, Hall-B at JLab) have provided a large amount of
data that has been crucial for sustained progress in the field as well as the
breadth and depth necessary for a vibrant research environment. Moreover,
a new generation of facilities are either currently running such as JLab12,
or scheduled for the next one-to-two decades as FAIR and EIC.
Many theoretical techniques have been developed in the last fifty years in
order to tackle the problem of describing hadrons as bound-states of quarks
and gluons. Among them, the QCD’s Dyson-Schwinger Equations (QCD-
DSEs) formalism provides an appealing tool for several reasons. QCD-DSEs
are the quantum equations of motion derived from the QCD Lagrangian
and thus represent a continuum approach which operates within a fully
relativistic quantum field theory, provides access to both perturbative and
non-perturbative regimes, and is able to cover the full quark-mass range
between chiral limit and the heavy-quark domain. Note, however, that for
QCD-connected analysis one relies upon a truncation of the infinite sys-
tem of non-linear integral equations to a subset that captures the physical
content and is solved explicitly, combined with the use of ansa¨tze for those
Green functions that enter the equations but are not solved for. These
ansa¨tze are constrained by symmetry properties, multiplicative renormal-
izability, perturbative limits, etc. The interested reader on QCD-DSEs
applied to hadron physics can consult some existing reviews2,3.
November 13, 2019 1:30 WSPC Proceedings - 9in x 6in Procs-Hadron2019˙JSegovia page 3
3
2. Dyson-Schwinger equations
The Green functions of a quantum field theory contain all its physical prop-
erties and one can state that the theory is solved once every Green func-
tion is determined. During the past years, a cross-fertilization between
QCD-DSEs and lattice-QCD has provided further insight into the non-
perturbative structure of the lowest n-point Green functions: quark, gluon
and ghost propagators as well as quark-gluon, three-gluon and four-gluon
vertices.
This section is focused on highlighting the results recently delivered
for the quark and gluon propagators, in Landau gauge. Note, however,
that studies of the infrared point-wise behavior for the ghost propagator7,
the quark-gluon vertex8, and the three- and four-gluon9,10 vertices have re-
cently released too. Another remarkable achievement of this kind of studies
has been the combination of the ghost and gluon propagators in order to
deliver a process-independent running-coupling for QCD which saturates
at zero momentum11,12.
The dressed-quark propagator in Landau gauge can be written in the
following form:
Sf (p) = −iγ · p σfV (p2) + σfS(p2) = 1/[iγ · pAf (p2) +Bf (p2)] . (1)
It is known that for light-quarks the wave function renormalisations,
Zf (p
2) = 1/Af (p
2), and dressed-quark masses, Mf (p
2) = Bf (p
2)/Af (p
2),
receive strong momentum-dependent corrections at infrared momenta4:
Zf (p
2) is suppressed and Mf (p
2) enhanced (see left-panel of Fig. 1). These
features are an expression of dynamical chiral symmetry breaking (DCSB)
and, plausibly, of confinement via the violation of reflection positivity.
The gluon propagator in Landau gauge assumes the totally transverse
form
i∆µν(q) = −iPµν(q)∆(q2); Pµν(q) = gµν − qµqν/q2 , (2)
where the scalar form factor ∆(q2) is related to the all-order gluon self-
energy. Lattice-QCD simulations13–16 have recently confirmed17 that this
form factor saturates in the deep infrared (see right-panel of Fig. 1) indi-
cating gluon mass generation. A demonstration of how this occurs at the
level of the gluon DSE is given in Ref. 7.
The transition from a massless to a massive gluon propagator can be
implemented as ∆−1(q2) = q2J(q2) + m2(q2), where J(q2) is the gluon’s
dressing function and m2(q2) is the momentum dependent gluon mass, dy-
namically generated by the Schwinger mechanism18,19. This can be sum-
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Fig. 2. Poincare´-covariant Faddeev equation: a homogeneous linear integral equation
for the matrix-valued function Ψ, being the Faddeev amplitude for a baryon of total
momentum P = pq + pd, which expresses the relative momentum correlation between
the dressed-quarks and -diquarks within the baryon. The (purple) highlighted rectangle
demarcates the kernel of the Faddeev equation: single line, dressed-quark propagator;
double line, diquark propagator; and Γ, diquark correlation amplitude.
marize as follows: the vacuum polarization of a gauge boson that is massless
at the level of the original Lagrangian may develop a massless pole, whose
residue can be identified with m2(0). The origin of the aforementioned
poles is due to purely non-perturbative dynamics. They act as composite
Nambu-Goldstone bosons which are colored, massless and have a longitu-
dinal coupling. These features maintain gauge invariance and makes them
disappear from any on-shell S-matrix element.
3. Covariant bound-state equations
Mesons appear as free-poles in the quark-antiquark scattering matrix
and baryons in the complete three-quark one. Their properties are ex-
tracted upon solving homogeneous bound-state equations (Bethe-Salpeter
for mesons and Faddeev for baryons) which are valid at pole positions and
need information of the lowest n-point Green functions of QCD. In combi-
nation they provide a powerful tool to calculate experimentally accessible
hadron observables, e.g. meson and baryon masses, decay constants, scat-
tering processes, and electromagnetic properties such as form factors.
The problem of solving the Faddeev equation can be transformed into
that of solving the linear, homogeneous matrix equation depicted in Fig. 2.
This is because two decades of studying baryons as three-quark bound-
states20–23 have demonstrated the appearance of soft (non-pointlike) fully-
interacting diquark correlations within baryons, whose characteristics are
greatly influenced by DCSB24. Note that a baryon described by Fig. 2
can be interpreted as a Borromean bound-state where the binding energy
is given by two main contributions: One part is expressed in the formation
of tight diquark correlations, the second one is generated by the quark
exchange depicted in the highlighted rectangle of the Fig. 2. This exchange
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Fig. 3. (Black) solid points are the computed masses for the ground- and first-excited
state of the octet (left-panel) and decuplet (right-panel) baryons25. The vertical riser
indicates the response of our predictions to a coherent ±5% change in the mass-scales
that appear in the baryon bound-state equation. The horizontal axis lists a particle
name with a subscript that indicates whether it is ground-state (n = 0) or first positive-
parity excitation (n = 1). (Green) diamonds are empirical Breit-Wigner masses take
from Ref. 26, the estimated uncertainty in the location of a resonance’s Breit-Wigner
mass is indicated by an error bar.
ensures that no quark holds a special place because each one participates
in all diquarks to the fullest extent allowed by its quantum numbers. The
continual rearrangement of the quarks guarantees that the wave function
complies with the baryon’s fermionic nature.
Figure 3 shows the computed masses of octet and decuplet baryons
and their first positive-parity excitations25. It is apparent that the theo-
retical values are uniformly larger than the corresponding empirical ones.
This is because our results should be viewed as those of a given baryon’s
dressed-quark core, whereas the empirical values include all contributions,
including meson-baryon final-state interactions (MB FSIs), which typically
generate a measurable reduction27. This was explained and illustrated in a
study of the nucleon, its parity-partner and their radial excitations28; and
has also been demonstrated using a symmetry-preserving treatment of a
vector× vector contact interaction22,23. Identifying the difference between
our predictions and experiment as the result of MB FSIs, then one finds that
such effects are fairly homogeneous across the spectrum. Namely, they act
to reduce the mass of ground-state octet and decuplet baryons and their
first positive-parity excitations by roughly 0.25 GeV.
It is important to highlight here that a possible way to evade the effects
of MB FSIs is studying electromagnetic transition form factors of nucleon
resonances because their contribution to this kind of observables is soft and
disappears quickly, allowing to explore the dressed-quark core of a baryon
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Fig. 4. Figure taken from Ref. 38. Light hybrid-meson spectrum computed with QCD-
DSEs (stars, green), and the re-scaled lattice-QCD results.
when electromagnetic proves of high-momenta are used29–33.
Herein, I have sketched the exploitation of QCD-DSEs to baryon
physics. There are also numerous applications to topical problems in the
meson sector. For example, programmes are approved at JLab12, proposed
at the CERN-SPS, and possible at the electron-ion collider which would
reveal much about parton distributions within QCD’s Nambu-Goldstone
modes34. A strong motivation for such measurements is the fact that the
leading x-moment of the pion’s (kaon’s) GPD provides access to the dis-
tributions of mass and momentum within the pion (kaon). Since these
distributions can be calculated35,36, such data can significantly influence
future theoretical perspectives.
Finally, QCD-DSEs can also be applied to exotic hadrons; namely, tetra-
and penta-quark bound-states37 but also systems with valence glue, e.g.
hybrid mesons38, QQ¯G (see Fig. 4); hybrid baryons, QQQG; and even
glueballs39, GG. Here, G is a nebulously defined “constituent gluon” degree
of freedom, whose nature will only be known once such systems are detected.
4. Perspective
The Dyson-Schwinger equations provide a fully relativistic continuum ap-
proach for the calculation of hadron properties. Among its advantages, one
can highlight that it provides access to infrared and ultraviolet momenta,
and covers the full quark mass range from the chiral limit to arbitrarily
large current masses. At the present stage, especially in the baryon sector,
we are only beginning to explore its potential and possibilities.
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